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Autism Spectrum Disorders (ASDs) represent a complex group of behaviorally defined 
conditions with core deficits in social communication and the presence of repetitive 
and restrictive behaviors. To date, neuropathological studies have failed to identify 
pathognomonic cellular features for ASDs and there remains a fundamental disconnection 
between the complex clinical aspects of ASDs and the underlying neurobiology. Although 
not listed among the core diagnostic domains of impairment in ASDs, motor abnormalities 
have been consistently reported across the spectrum. In this perspective article, we 
summarize the evidence that supports the use of motor abnormalities as a putative 
endophenotype for ASDs. We argue that because these motor abnormalities do not 
directly depend on social or linguistic development, they may serve as an early 
disease indicator. Furthermore, we propose that stratifying patients based on motor 
development could be useful not only as an outcome predictor and in identifying more 
specific treatments for different ASDs categories, but also in exposing neurobiological 
mechanisms. 
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Autism Spectrum Disorders (ASDs) comprise a complex group 
of behaviorally defined conditions with core deficits in social 
communication and the presence of repetitive and restrictive 
behaviors (American Psychiatric Association, 2000). ASDs are 
highly comorbid and notably heterogeneous in their clinical 
presentation. Multiple etiologies have been suggested, but no 
single genetic or environmental factor can account for more 
than a small fraction of all cases (Abrahams and Geschwind, 
2008). Despite sustained efforts to identify the cell types and 
circuits that are impaired in ASDs, there remains a fundamen- 
tal disconnection between the complex clinical features of ASDs 
and the underlying neurobiological mechanisms. Postmortem 
brain studies have failed to identify pathognomonic cellular fea- 
tures for ASDs (Pickett and London, 2005; Amaral et al, 2008). 
Despite reports of high heritability (Abrahams and Geschwind, 
2008, 2010), large effect genetic events (copy number variants 
or de novo mutations) are rare, while common genetic variants 
can explain only a minute fraction of the phenotypic variabil- 
ity (Stein et al., 2013). In addition, environmental contribu- 
tions have only rarely proved conclusive [e.g., rubella, thalido- 
mide or valproic acid exposure in early pregnancy (Landrigan, 
2010)]. While rodent models of ASDs have begun to provide 
pathophysiological and therapeutic clues, these models have 
been restricted to rare syndromic or Mendelian forms of ASDs, 
and have yet to address issues of specificity (i.e., the overlap 
between genes in ASDs, developmental delay, and schizophre- 
nia) and cross-species clinical validity (Qiu et al., 2012). More 
recently, cellular reprogramming techniques have emerged as 
new tools for identifying neuronal phenotypes in cells derived 



in vitro from patients (Marchetto et al., 2010; Pasxa et al, 2011; 
Novarino et al, 2012). However, these cellular investigations will 
have to be expanded considerably in order to identify com- 
mon and divergent neuronal phenotypes in idiopathic ASDs 
cases. 

These novel models, as well as the continued accumulation 
of clinical and genetic data in recent years, underscore a need 
to develop more reliable means of stratifying ASDs. The identi- 
fication of discrete, genetically determined disease components, 
or endophenotypes (Gottesman and Gould, 2003), could prove 
essential in delineating biologically and therapeutically meaning- 
ful classes, adding power to genetic studies and guiding neurobi- 
ological investigations. One promising avenue in this direction is 
a more exhaustive and systematic investigation of motor abnor- 
malities in ASDs. 

Motor abnormalities in ASDs span a wide range of dys- 
functions, including defects in gross and fine motor control, 
complex motor sequences (including dyspraxia and deficits in 
imitation), eye movement abnormalities and motor learning 
deficits. Pinpointed by Kanner (1943) and Asperger (1944) in 
their initial case series, these abnormalities were referred as 
"clumsiness in gait and motor performances" (Kanner and Lesser, 
1958). Two decades later, Damasio and Maurer (1978) hypoth- 
esized mesolimbic dysfunction as a potential explanation for 
dyskinetic and dystonic movements observed in patients with 
ASDs, while others have either described a parkinsonian gait 
(Vilensky et al, 1981), an ataxic-cerebellar gait (Hallett et al, 
1993; see also Nayate et al, 2012) or simply recognized asym- 
metric patterns of movement and infantile reflexes "gone astray" 
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(Teitelbaum et al, 1998, 2004; Esposito et al., 2009, 2011, 2012). 
Although a recent meta-analysis confirmed the presence of sub- 
stantial motor coordination deficits in ASDs with a consider- 
able effect size of 1.20 (Fournier et al., 2010), none of the 
studies to date have identified a single motor symptom as a 
universal sign or prodrome for ASDs (Yirmiya and Charman, 
2010). 

Though there may not be a single universal motor sign, several 
levels of evidence point toward the utility of motor assessments 
in ASDs, indicating that motor dysfunction may play a central 
role in elucidating pathophysiological mechanisms and facilitat- 
ing diagnosis and treatment. We describe them here with an 
emphasis on highlighting specific commonalties and disparities 
in the presentation of motor abnormalities that could allow for 
ASDs stratification. 

First, motor abnormalities in ASDs are present early, within 
the first year of life, and may precede social-communication 
deficits (Leary and Hill, 1996). For example, Flanagan et al. 
(2012), reported that head lag during pull-to-sit at the age of 
6 months was associated with ASDs at 36 months and was more 
frequently observed in infants at high-risk for ASDs. Recently, 
two excellent prospective studies followed early motor symp- 
toms in high-risk subjects. In the first longitudinal study, Landa 
et al. (2013) assessed 235 children with or without a sibling 
with ASDs to identify differential trajectories for normative 
versus early-onset or late-onset ASDs. Interestingly, although 
development was grossly intact by 6 months, fine motor delay 
was present as early as 14 months in the late-onset group, 
and only by 36 months in the early-onset ASDs group. In the 
second prospective study, Landa et al. (2012) followed ASDs 
siblings from 6 to 36 months and identified four main trajec- 
tory phenotypes: normal development, accelerated development, 
widespread skill acquisition delay, and receptive language and 
motor delay. Importantly, in the latter group, receptive language 
delay resolved by 24 months, while motor abnormalities persisted 
at 36 months. Taken together, these studies demonstrate that 
motor development is vulnerable to early delay in patients with 
ASDs and their siblings and could potentially inform subtype 
identification. 

Second, motor symptoms in ASDs are persistent. Both fine and 
gross motor impairments are long-term deficits, whose severity 
is correlated with the degree of social impairment (Freitag et al, 
2007). A recent large sample study (Lloyd et al., 2013) showed 
that in very young children with ASDs, these delays become 
more pronounced with age, even when controlling for non-verbal 
problem-solving skills. Additional reports have suggested that 
gross motor and fine motor symptoms may diminish over the 
course of life, but even in these cohorts oculomotor impairment 
and dyspraxia appear to persist (Freitag et al, 2007). These obser- 
vations suggest that the persistence of motor symptoms could also 
assist with differential diagnosis. For instance, skill progression 
in Down syndrome is delayed, but the acquisition of develop- 
mental milestones occurs in an orderly manner and these deficits 
can significantly improve with therapeutic facilitation (Sacks and 
Buckley, 2003). 

Third, there is preliminary evidence indicating that motor 
abnormalities in ASDs are heritable. For instance, motor 



delays are common among ASDs siblings and are predictive 
of communication delays in these individuals (Bhat et al., 
2012), making them part of the broader autism pheno- 
type. In addition, bivariate twin analyses indicate that phys- 
ical clumsiness and autistic-like traits are highly correlated, 
an association that is most plausibly explained by genetic eti- 
ological overlap (Moruzzi et al., 2011). Moreover, a consid- 
erable proportion of the genetic variance in ASDs is shared 
with developmental coordination disorder, a childhood condi- 
tion characterized by poor motor coordination and clumsiness 
(Lichtenstein et al, 2010). While not all studies have been 
able to detect motor skills impairments in unaffected siblings 
of children with ASDs (Hilton et al., 2012), future prospec- 
tive studies should dissect more systematically and in larger 
cohorts the relative genetic contribution to motor abnormalities 
in ASDs. 

Fourth, and perhaps the feature that best makes the case 
for the assessment of motor abnormalities for ASDs stratifi- 
cation, is the fact that motor development is relatively more 
quantitative in nature than communicative abilities or social 
traits. Multiple standardized test batteries that measure motor 
skills are currently available. For instance, the Mullen Scales of 
Early Learning evaluates gross motor development from 0 to 
33 months, and the Griffiths Mental Development Scales quantify 
locomotor activity, including the ability to balance and to coordi- 
nate and control movements. Multiple studies have shown that 
these evaluations are reliable and easy to implement. Moreover, 
they have the potential for becoming screening tools especially 
if facilitated by video analyses (using computer vision tools as 
illustrated by Hashemi et al., 2012, for example). Coupled with 
the early onset of motor abnormalities, described above, the 
availability of reliable quantitative tools point toward the use 
of motor development as a more standard metric for patient 
stratification. 

Fifth, is the suggestion that both motor and social- 
communicative deficits originate from a common etiology and 
that motor abnormalities would constitute an early window into 
the pathophysiology of ASDs. Although this assertion has not 
been tested systematically, we know a significant amount about 
the physiology of the motor system, and it is conceivable that 
neurobiological insights will be gained from investigating motor 
development in ASDs. Clinical and physiological studies indi- 
cate multiple levels of biological impairment in ASDs, from 
the vestibular brainstem nuclei to the cerebellum, basal ganglia 
and sensorimotor cortices. Therefore, involvement of individ- 
ual structures, which are associated with specific subtypes of 
motor abnormalities, could be used as a stratification criterion. 
Postmortem brain findings have paved the way by reporting, 
in some ASDs patients, Purkinje cell deficits in the cerebellum 
(Bauman and Kemper, 1985; Arin et al, 1991; Bailey et al, 1998; 
Whitney et al., 2008; Fatemi et al, 2012) and hypoplasia of its ver- 
mal lobules VI- VII (Courchesne et al, 1994), an enlarged caudate 
nucleus (Langen et al, 2007) and a delayed functional special- 
ization of the motor cortex (Nebel et al., 2012). One example 
of how motor abnormalities may inform a mechanistic under- 
standing is the hypothesis of early damage to mirror neuron 
systems in ASD. According to this model, impairments in ASDs 
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are rooted in the incapacity to assemble and directly grasp the 
intrinsic goal-directed organization of motor behavior (Cossu 
et al., 2012). 

Sixth, motor abnormalities affect quality of life and correc- 
tion is likely to improve functioning. Abnormal motor control 
can have pervasive consequences on the development of multiple 
skills. Delayed motor development constrains social interactions 
and impaired social interactions can further constrain motor 
skill development. Importantly, gross and fine motor skills can 
be learned and practiced, and although not tested prospectively, 
motor corrections may improve social-communicative function- 
ing in ASDs (Baranek, 1999). 

Lastly, recent studies indicate that motor abnormalities in 
ASDs may have predictive value. For instance, approximately 70% 
of high-risk infants (i.e., siblings of ASDs patients) who presented 
with early motor delays later developed deficits in communication 
(Bhat et al., 2012), while better motor outcome in 2-year-old chil- 
dren with ASDs correlates with better outcomes at 4 years (Sutera 
et al, 2007). 

Taken together, these multiple lines of evidence underscore 
the need for more systematically assessing motor development in 
ASDs patients. With few exceptions (Provost et al., 2007; Ozonoff 
et al., 2008), most studies investigating motor development in 
ASDs report abnormalities at some levels (vestibular, fronto- 
striatal, cerebellar, cortical) and of a certain severity. Importantly, 
the standard deviations for the measured variables in these stud- 
ies are always larger in the ASDs group, highlighting that at an 
individual level some children with ASDs are definitely atyp- 
ical, while others are probably not remarkably different than 
their matching controls (Vernazza-Martin et al., 2005; Rinehart 
et al, 2006a,b,c; Esposito and Venuti, 2008). Depending on the 
task and the cohort, the proportion of ASDs children displaying 
motor development abnormalities varies. For instance Esposito 
et al. (2011), found that persistent postural asymmetries were 
present only in ~40% of children with ASDs. The variability 
in these deficits across the spectrum is a challenge that likely 
reflects the clinical and etiological heterogeneity of ASDs. At the 
same time, it constitutes a unique opportunity to identify disease 
subtypes. 

Additional work is clearly needed to conclusively determine 
how motor abnormalities can contribute to understanding ASDs, 
while the limitations of existing studies also have to be addressed. 



For instance, cohorts that up until now have been restricted to 
high functioning patients should be expanded to reflect the full 
autism spectrum using objective disease measures (the Autism 
Diagnostic Observation Schedule — ADOS, Autism Diagnostic 
Interview, Revised — ADI-R). More prospective studies need to be 
developed, while retrospective studies should use well-matched 
controls and siblings. It is also important to explore motor dis- 
turbances in novel or cognitively demanding environments and 
combine these studies with genetic analyses and neuroimag- 
ing. Peculiar phenomena associated with ASDs, such as kinesia 
paradoxa during which motor function can appear smooth and 
seamless during fixation on one task, deserve more attention 
(Leary and Hill, 1996; Rinehart et al, 2006a,b,c). In addition, 
the confounding role of medications (antipsychotics, antidepres- 
sants, stimulants, mood stabilizers), which are so commonly 
prescribed in these patients, should be rigorously investigated 
in the context of behavioral and motor abnormalities. Benefits 
could also come from the development and implementation of 
novel, easy to use, standardized scales that could streamline the 
collection of motor developmental data and allow for large-scale 
analyses. 

In conclusion, motor abnormalities in ASDs are early and per- 
sistent clinical signs, which, due to their heritability, can serve as 
disease endophenotypes. In addition, these abnormalities can be 
reliably quantified and, if improved, are likely to benefit the over- 
all functioning of the patient. When viewed as an endophenotype, 
motor abnormalities have the potential to stratify ASDs into more 
tractable conditions leading to more productive etiological explo- 
rations, better clinical trials, and perhaps earlier detection and 
outcome prediction. 

ACKNOWLEDGMENTS 

The authors would like to thank Georgia Panagiotakos from 
the Department of Neurobiology at Stanford University School 
of Medicine, Stanford, USA for fruitful discussions and provid- 
ing insightful comments on this manuscript, as well as Mariko 
Bennett, Chris Bennett, Carleton Goold, and Anca M. Pasca. This 
research was supported by the Japan Society for the Promotion 
of Science (Kakenhi, Wakate, B 24730563), the FPR Program for 
Gianluca Esposito, and the Tashia and John Morgridge Endowed 
Fellowship in Translational Pediatric Medicine and the NARSAD 
Young Investigator Award for Sergiu P. Pa§ca. 



REFERENCES 

Abrahams, B. S., and Geschwind, D. H. 
(2008). Advances in autism genetics: 
on the threshold of a new neurobi- 
ology. Nat. Rev. Genet. 9, 341-355. 
doi: 10.1038/nrg2346 

Abrahams, B. S., and Geschwind, D. 
H. (2010). Connecting genes to 
brain in the autism spectrum disor- 
ders. Arch. Neurol. 67, 395-399. doi: 
10.1001/archneurol.2010.47 

Amaral, D. G., Schumann, C. M., 
and Nordahl, C. W. (2008). 
Neuroanatomy of autism. Trends 
Neurosci. 31, 137-145. doi: 
10.1016/j.tins.2007.12.005 



American Psychiatric Association. 
(2000). Diagnostic and Statistical 
Manual of Mental Disorders, 4th 
edn (DSM-4). Washington, DC: 
American Psychiatric Association. 

Arin, D. M., Bauman, M. L., and 
Kemper, T. L. (1991). The 
distribution of Purkinje cell 
loss in the cerebellum in autism. 
Neurology 41, 307. 

Asperger, H. (1944). Die "Autistischen 
Psychopathen" im Kindesalter. 
Archiv fur Psychiatrie und 
Nervenkrankheiten 117, 132-135. 

Bailey, A., Luthert, P., Dean, 
A., Harding, B., Janota, I., 



Montgomery, M., et al. (1998). 
A clinicopathological study of 
autism. Brain 121, 889-905. doi: 
10.1093/brain/121.5.889 
Baranek, G. T. (1999). Autism dur- 
ing infancy: a retrospective video 
analysis of sensory-motor and 
social behaviors at 9-12 months 
of age. /. Autism Dev. Disord. 29, 
213-224. doi: 10.1023/A:102308000 
5650 

Bauman, M., and Kemper, T. L. 
(1985). Histoanatomic observa- 
tions of the brain in early infantile 
autism. Neurology 35, 866-874. doi: 
10.1212/WNL.35.6.866 



Bhat, A. N., Galloway, J. C, and 
Landa, R. J. (2012). Relation 
between early motor delay and 
later communication delay in 
infants at risk for autism. Infant 
Behav. Dev. 35, 838-846. doi: 
10.1016/j.infbeh.2012.07.019 

Cossu, G., Boria, S., Copioli, 
C, Bracceschi, R., Giuberti, 
V., Santelli, E., et al. (2012). 
Motor Representation of actions 
in children with autism. 
PLoS ONE 7:e44779. doi: 
10.1371/journal.pone.0044779 

Courchesne, E., Saitoh, O., Yeung- 
Courchesne, R., Press, G. A., 



Frontiers in Integrative Neuroscience 



www.frontiersin.org 



June 2013 | Volume 7 | Article 43 | 3 



Esposito and Pa§ca 



Motor abnormalities in ASDs 



Lincoln, A. J., Haas, R. H., 
et al. (1994) . Abnormality of 
cerebellar vermian lobules VI 
and VII in patients with infan- 
tile autism: identification of 
hypoplastic and hyperplastic sub- 
groups by MR imaging. Am. J. 
Roentgenol. 162, 123-130. doi: 
10.2214/ajr.l62. 1.8273650 
Damasio, A. R., and Maurer, R. G. 
(1978). A neurological model for 
childhood autism. Arch. Neurol. 35, 
777-786. 

Esposito, G., and Venuti, P. (2008). 
Analysis of toddlers' gait after six 
months of independent walking 
to identify autism: a preliminary 
study. Percept. Mot. Skills 106, 
259-269. doi: 10.2466/pms.l06. 
1.259-269 

Esposito, G., Venuti, P., Apicella, E, 
and Muratori, F, (2011). Analysis of 
unsupported gait in toddlers with 
autism. Brain Dev. 33, 367-373. doi: 
10.1016/j.braindev.2010.07.006 

Esposito, G., Venuti, P., Maestro, S., 
and Muratori, E (2009). An explo- 
ration of symmetry in early autism 
spectrum disorders: analysis of 
lying. Brain Dev. 31, 131-138. doi: 
10.1016/j.braindev.2008.04.005 

Esposito, G., Yoshida, S., Venuti, P., and 
Kuroda, K. (2012). Three lessons 
from Philip Teitelbaum and their 
application to studies of motor 
development in humans and mice. 
Behav. Brain Res. 231, 366-370. doi: 
10.1016/j.bbr.2011. 10.008 

Fatemi, S. H., Aldinger, K. A., Ashwood, 
P., Bauman, M. L., Blaha, C. D., 
Blatt, G. J., et al. (2012). Consensus 
paper: pathological role of the cere- 
bellum in autism. Cerebellum 11, 
777-807. doi: 10. 1007/sl23 1 1-012- 
0355-9 

Flanagan, J. E., Landa, R., Bhat, 
A., and Bauman, M. (2012). 
Head lag in infants at risk for 
autism: a preliminary study. Am. 
}. Occup. Ther, 66, 577-585. doi: 
10.5014/ajot.2012.004192 

Freitag, C. M., Kleser, C., Schneider, 
M., and von Gontard, A. (2007). 
Quantitative assessment of neu- 
romoto function in adolescents 
with high functioning autism and 
Asperger Syndrome. /. Autism 
Dev. Disord. 37, 948-959. doi: 
10.1007/sl0803-006-0235-6 

Fournier, K., Hass, C., Naik, S., Lodha, 
N., and Cauraugh, J. (2010). 
Motor coordination in autism 
spectrum disorders: a synthe- 
sis and meta-analysis. /. Autism 
Dev. Disord. 40, 1227-1240. doi: 
10.1007/sl0803-010-0981-3 

Gottesman, I. I., and Gould, T. D. 
(2003). The endophenotype con- 
cept in psychiatry: etymology 



and strategic intentions. Am. J. 
Psychiatry 160, 636-645. 

Hallett, M., Lebiedowska, M. K., 
Thomas, S. L., Stanhope, S. J., 
Denckla, M. B., and Rumsey, J. 
(1993). Locomotion of autistic 
adults. Arch. Neurol. 50, 1304-1308. 

Hashemi, J., Vallin Spina, T., Tepper, 
M., Esler, A., Morellas, V, 
Papanikolopoulos, N., et al. 
(2012). Computer vision tools 
for the non-invasive assessment 
of autism-related behavioral 
markers. Available online at: 
http://arxiv.org/pdf/1210.7014.pdf 

Hilton, C. L., Zhang, Y., Whilte, M. 
R., Klohr, C. L., and Constantino, 
J. (2012). Motor impairment in 
sibling pairs concordant and dis- 
cordant for autism spectrum dis- 
orders. Autism 16, 430-441. doi: 
10.1177/1362361311423018 

Kanner, L. (1943). Autistic disturbances 
of affective contact. Nerv. Child 2, 
217-250. 

Kanner, L., and Lesser, L. I. (1958). 
Early infantile autism. Pediatr. Clin. 
North Am. 5,711-730. 

Landa, R. J., Gross, A. L., Stuart, 
E. A., and Faherty, A. (2013). 
Developmental trajectories in 
children with and without autism 
spectrum disorders: the first 3 
years. Child Dev. 84, 429-442. doi: 
10.1111/j.l467-8624.2012.01870.x 

Landa, R. J., Gross, A. L., Stuart, 
E. A., and Bauman, M. (2012). 
Latent class analysis of early devel- 
opmental trajectory in baby siblings 
of children with autism. /. Child 
Psychol. Psychiatry 53, 986-996. doi: 
10.1111/j.l469-7610.2012.02558.x 

Landrigan, P. I. (2010). What causes 
autism? Exploring the envi- 
ronmental contribution. Curr. 
Opin. Pediatr. 22, 219-225. doi: 
10.1097/MOP.0b013e328336eb9a 

Langen, M., Durston, S., Staal, W. G., 
Palmen, S. J., and van Engeland, H. 
(2007). Caudate nucleus is enlarged 
in high-functioning medication- 
naive subjects with autism. Biol. 
Psychiatry 62, 262-266. doi: 
10.1016/j.biopsych.2006.09.040 

Leary, M. R., and Hill, D. A. (1996). 
Moving on: autism and move- 
ment disturbance. Ment. Retard. 34, 
39-53. 

Lichtenstein, P., Carlstrom, E., 
Rastam, M., Gillberg, C, and 
Anckarsater, H. (2010). The genet- 
ics of autism spectrum disorders 
and related neuropsychiatric 
disorders in childhood. Am. J. 
Psychiatry 167, 1357-1363. doi: 
10.1 176/appi.ajp.2010. 10020223 

Lloyd, M., MacDonald, M., and 
Lord, C. (2013). Motor skills of 
toddlers with autism spectrum 



disorders. Autism 17, 133-146. doi: 
10.1177/1362361311402230 

Marchetto, M. C, Carromeu, C, 
Acab, A., Yu, D., Yeo, G. W., Mu, 
Y, et al. (2010). A model for 
neural development and treat- 
ment of Rett syndrome using 
human induced pluripotent stem 
cells. Cell 143, 527-539. doi: 
10.1016/j.cell.2010.10.016 

Moruzzi, S., Ogliari, A., Ronald, 
A., Happe, F., and Battaglia, M. 
(2011). The nature of covariation 
between autistic traits and clum- 
siness: a twin study in a general 
population sample. /. Autism 
Dev. Disord. 41, 1665-1674. doi: 
10.1007/sl0803-011-1199-8 

Nayate, A., Tonge, B. J., Bradshaw, 
J. L., McGinley, J., Iansek, R., 
and Rinehart, N. J. (2012). 
Differentiation of high-functioning 
autism and Asperger's disorder 
based on neuromotor behaviour. 
/. Autism Dev. Disord. 42, 707-717. 
doi: 10. 1007/sl0803-01 1-1299-5 

Nebel, M. B., Joel, S. E., Muschelli, J., 
Barber, A. D., Caffo, B. S., Pekar, 
J. J., et al. (2012). Disruption of 
functional organization within the 
primary motor cortex in children 
with autism. Hum. Brain Mapp. 
Available online at: http://online 
library.wiley.com/doi/10.1002/hbm. 
22188/full 

Novarino, G., El-Fishawy, P., Kayserili, 

H. , Meguid, N. A., Scott, E. M., 
Schroth, J., et al. (2012). Mutations 
in BCKD-kinase lead to a poten- 
tially treatable form of autism with 
epilepsy. Science 338, 394-397. doi: 
10.1126/science.l224631 

Ozonoff, S., Young, G. S., Goldring, 
S., Greiss-Hess, L., Herrera, A. M., 
Steele, J., et al. (2008). Gross motor 
development, movement abnormal- 
ities, and early identification of 
autism. /. Autism Dev. Disord. 38, 
644-656. doi: 10.1007/sl0803-007- 
0430-0 

Pa§ca, S. P., Portmann, T., Voineagu, 

I. , Yazawa, M., Shcheglovitov, A., 
Pa§ca, A. M., et al. (2011). Using 
iPSC-derived neurons to uncover 
cellular phenotypes associated with 
Timothy syndrome. Nat. Med. 17, 
1657-1662. doi: 10.1038/nm.2576 

Pickett, J., and London, E. (2005). 
The neuropathology of autism: a 
review. /. Neuropathol. Exp. Neurol. 
64, 925-935. 

Provost, B., Lopez, B. R., and Heimerl, 
S. (2007). A comparison of motor 
delays in young children: autism 
spectrum disorder, developmental 
delay, and developmental con- 
cerns. /. Autism Dev. Disord. 37, 
321-328. doi: 10.1007/sl0803-006- 
0170-6 



Qiu, S., Aldinger, K. A., and Levitt, P. 
(2012). Modeling of autism genetic 
variations in mice: focusing on 
synaptic and microcircuit dysfunc- 
tions. Dev. Neurosci. 34, 88-100. doi: 
10.1159/000336644 

Rinehart, N. J., Bellgrove, M. A., Tonge, 
B. J., Brereton, A. V, Howells- 
Rankin, D., and Bradshaw, J. L. 
(2006a). An examination of move- 
ment kinematics in young peo- 
ple with high-functioning autism 
and Asperger's disorder: further 
evidence for a motor planning 
deficit. /. Autism Dev. Disord. 36, 
757-767. doi: 10.1007/sl0803-006- 
0118-x 

Rinehart, N. J., Tonge, B. J., Bradshaw, 
J. L., Iansek, R., Enticott, P. G., and 
McGinley, J. (2006b). Gait function 
in high-functioning autism and 
Asperger's disorder: evidence for 
basal-ganglia and cerebellar involve- 
ment? Eur. Child Adolesc. Psychiatry 
15, 256-264. doi: 10.1007/s00787- 
006-0530-y 

Rinehart, N. J., Tonge, B. J., Iansek, 
R., McGinley, J., Brereton, A. V., 
Enticott, P. G., et al. (2006c). 
Gait function in newly diag- 
nosed children with autism: 
cerebellar and basal ganglia 
related motor disorder. Dev. 
Med. Child Neurol. 48, 819-824. 
doi: 10.1017/S0012162206001769 

Sacks, B., and Buckley, S. J. (2003). 
What do we know about the move- 
ment abilities of children with 
Down syndrome? Down Syndrome 
News Update 2, 131-141. 

Stein, J. L., Parikshak, N. N., and 
Geschwind, D. H. (2013). Rare 
inherited variation in autism: begin- 
ning to see the forest and a few 
trees. Neuron 77, 209-211. doi: 
10.1016/j.neuron.2013.01.010 

Sutera, S., Pandey, J., Esser, E. L., 
Rosenthal, M. A., Wilson, L. B., 
Barton, M., et al. (2007). Predictors 
of optimal outcome in toddlers 
diagnosed with autism spectrum 
disorders. /. Autism Dev. Disord. 37, 
98-107. doi: 10.1007/sl0803-006- 
0340-6 

Teitelbaum, O., Benton, T, Shah, P. 
K., Prince, A., Kelly, J. L., and 
Teitelbaum, P. (2004). Eshkol- 
Wachman movement notation in 
diagnosis: the early detection of 
Asperger's syndrome. Proc. Natl. 
Acad. Sci. U.S.A. 101, 11909-11914. 
doi: 10.1073/pnas.0403919101 

Teitelbaum, P., Teitelbaum, O., Nye, 
J., Fryman, J., and Maurer, R. 
G. (1998). Movement analysis in 
infancy may be useful for early diag- 
nosis of autism. Proc. Natl. Acad. 
Sci. U.S.A. 95, 13982-13987. doi: 
10.1073/pnas.95.23.13982 



Frontiers in Integrative Neuroscience 



www.frontiersin.org 



June 2013 | Volume 7 | Article 43 | 4 



Esposito and Pasca 



Motor abnormalities in ASDs 



Vernazza- Martin, S., Martin, N., 
Vernazza, A., Lepellec-Muller, A., 
Rufo, M., Massion, J., et al. (2005). 
Goal directed locomotion and 
balance control in autistic children. 
/. Autism Dev. Disord. 35, 91-102. 
doi: 10.1007/sl0803-004-1037-3 

Vilensky, J. A., Damasio, A. R., and 
Maurer, R. G. (1981). Gait dis- 
turbances in patients with autistic 
behavior. Arch. Neurol. 38, 646-649. 

Whitney, E. R., Kemper, T. L., Bauman, 
M. L., Rosene, D. L., and Blatt, G. J. 



(2008). Cerebellar Purkinje cells 
are reduced in a subpopulation 
of autistic brains: a stereological 
experiment using calbindin- 
D28k. Cerebellum 7, 406-416. doi: 
10.1007/sl2311-008-0043-y 
Yirmiya, N., and Charman, T. (2010). 
The prodrome of autism: early 
behavioral and biological signs, 
regression, peri- and post-natal 
development and genetics. /. Child 
Psychol. Psychiatry 51, 432-458. doi: 
10.1111/j.l469-7610.2010.02214.x 



Conflict of Interest Statement: The 

authors declare that the research 
was conducted in the absence of any 
commercial or financial relationships 
that could be construed as a potential 
conflict of interest. 

Received: 30 November 2012; paper 
pending published: 02 February 2013; 
accepted: 15 May 2013; published online: 
lljune2013. 

Citation: Esposito G and Pasca SP 
(2013) Motor abnormalities as a putative 



endophenotype for Autism Spectrum 
Disorders. Front. Integr. Neurosci. 7:43. 
doi: 10.3389/fnint.20 13.00043 
Copyright © 2013 Esposito and 
Pasca. This is an open-access article 
distributed under the terms of the 
Creative Commons Attribution License, 
which permits use, distribution and 
reproduction in other forums, provided 
the original authors and source are 
credited and subject to any copyright 
notices concerning any third-party 
graphics etc. 



Frontiers in Integrative Neuroscience 



www.frontiersin.org 



June 2013 | Volume 7 | Article 43 | 5 



